Purpose: To evaluate the effect of overglazing and two polishing procedures on flexural strength and quality and quantity of surface roughness of a monolithic lithium disilicate ceramic computer-aided design (CAD) after grinding. Materials and Methods: This in vitro study was conducted on 52 partially crystalized bar-shaped specimens (16 × 4 × 1.6 mm) of monolithic lithium disilicate ceramic. The specimens were wet polished with 600-, 800-, and 1200-grit silicon carbide papers for 15 seconds using a grinding/polishing machine at a speed of 300 rpm. Then, the specimens were crystalized and glaze-fired in one step simultaneously and randomly divided into four groups of 13: (I) Glazing group (control); (II) Grinding-glazing group, subjected to grinding with red band finishing diamond bur (46 μm) followed by glazing; (III) Grinding-D+Z group, subjected to grinding and then polishing by coarse, medium, and fine diamond rubber points (D+Z); and (IV) Grinding-OptraFine group, subjected to grinding and then polishing with a two-step diamond rubber polishing system followed by a final polishing step with an OptraFine HP brush and diamond polishing paste. The surface roughness (Ra and Rz) values (μm) were measured by a profilometer, and the mean values were compared using one-way ANOVA and Tamhane's test (post hoc comparison). One specimen of each group was evaluated under a scanning electron microscope (SEM) for surface topography. The three-point flexural strength values of the bars were measured using a universal testing machine at a 0.5 mm/min crosshead speed and recorded. The data were analyzed using one-way ANOVA and Tamhane's test (α = 0.05). Results: Statistically significant differences were noted among the experimental groups for Ra, Rz (p < 0.0001), and flexural strength values (p < 0.009). The lowest Ra and Rz values were found in the grinding-OptraFine group (0.465 ± 0.153), which were significantly lower than those in glazing (p < 0.03) and grinding-glazing (p < 0.001) groups. The Ra and Rz values were not significantly different between the two polishing systems (p = 0.23 and p = 0.25, respectively). The highest flexural strength was found in the glazing group (283.350 ± 49.854 MPa) without significant differences compared to grinding-glazing (p = 0.98) and grinding-OptraFine groups (p = 0.86). The lowest flexural strength was found in grinding-D+Z group (225.070 ± 17.299), which was significantly different from the value in glazing (p < 0.03) and grinding-glazing (p < 0.04) groups. SEM analysis of polished surfaces revealed regular morphology with some striations. Conclusions: The OptraFine system created smoother and more uniform surfaces in terms of quantity (p < 0.03 for Ra, p < 0.01 for Rz) and quality of roughness compared to glazing. The flexural strength of lithium disilicate ceramic after polishing with the OptraFine system was similar to that after glazing (p = 0.86). Despite similar surface roughness after polishing with the two systems, the D+Z system reduced the flexural strength of ceramic (p < 0.03).
Favorable esthetics, high fracture strength, and optimal biocompatibility have resulted in popularity of all-ceramic restorations, 1,2 among which glass ceramics are highly desirable due to excellent esthetic properties, high fracture strength, durability of the bond between prepared tooth surfaces and ceramic, and simple fabrication technique by computeraided design/computer-aided manufacturing (CAD/CAM) technology.
3 IPS e.max CAD ceramic is a lithium disilicate glass ceramic available in different shades and variable degrees of translucency. 4, 5 IPS e.max CAD ceramic is suitable for use in three-unit fixed dental prostheses up to the first premolar, as well as in single-unit crowns, inlays, and onlays. 6 Survival rates of 97.4% to 100% at 2 years have been reported in clinical trials for IPS e.max CAD single crowns. 5 Thus, dental clinicians are interested in using lithium disilicate glass ceramics. 7 Ceramic restorations must have smooth surfaces to provide patient comfort and also to yield optimal esthetics and excellent biological and mechanical properties. Rough restoration surfaces facilitate staining and enhance plaque accumulation, leading to gingivitis and secondary caries. Moreover, surface roughness can negatively affect the fracture strength of ceramics. Rough ceramic restorations can also cause abrasion and wear of antagonistic teeth. 8, 9 To minimize the risk of enamel wear of teeth opposing ceramic restorations, ceramic surfaces must be smoothened as much as possible, accomplished by polishing and glazing. 10 It is believed that final glazing yields the most acceptable ceramic surfaces in terms of smoothness. 11 However, since reglazing must be performed in a dental laboratory with the use of a thermal furnace, it requires multiple office visits. Repeated firings have a destructive effect on ceramic surfaces and can cause deformation. Conversely, polishing is easy and simple and can be accomplished in a single session. 12 Chairside CAD/CAM restorations are polished by clinicians. Moreover, ceramic surfaces must be polished after removal of excessive luting cement or following some occlusal or proximal adjustments or modifications in shape. 8, 13, 14 Thus, if glazing is not feasible, polishing alone may be the next best choice. 10 Intraoral polishing also helps infection control by eliminating the need for repeated laboratory procedures and risk of crosscontamination. 13 Periodic refinishing and polishing of ceramic surfaces decrease the concentration of stress and height of asperities (large crystalline inclusions in the surface of ceramics) and subsequently, reduce the abrasive wear of the opposing teeth. 10 Refinishing of occlusal surfaces of ceramics may also be necessary following repeated exposures to carbonated beverages and/or acidulated phosphate fluoride, 10 or after removal of orthodontic brackets bonded to ceramic restorations. 15 Considering all the above, effective finishing and polishing procedures for IPS e.max CAD ceramics are necessary in the clinical setting.
Ceramics are generally brittle and weak in tension. 16 Flexural strength and fracture toughness are the two main variables often used to describe the strength of ceramic materials. The quality of ceramic surface, determined by polishing and absence of microcracks, can also affect its flexural strength. 17 Roughness of the surface following finishing procedures and creation of surface flaws may decrease the strength. 18, 19 For this reason, techniques such as glazing have been proposed to strengthen the material and minimize surface flaws. 18 Although glazing is believed to perfectly smoothen the surface, durability of glaze is in question. 20 Surface profilometry is suitable for quantitative assessment of surface roughness. 21 However, in some cases, the roughness values do not truly represent the actual topography of ceramic surfaces because only some areas, and not the whole surface, are probed by the profilometer. 22 Therefore, SEM has also been recommended to obtain more comprehensive results 22 since SEM provides high-resolution information regarding surface texture details and enhances qualitative assessment of surface topography. 23, 24 The best method to achieve the smoothest and strongest ceramic surface is still a matter of controversy. 19 Studies show the inferior quality of polished compared to glazed ceramic surfaces versus others indicating their equivalent smoothness. 8, 14 Other studies have shown that polished surfaces are even smoother and less abrasive than glazed surfaces. 25 There is a gap of information about the effects of different finishing and polishing methods and glazing procedures on flexural strength, surface roughness, and surface topography of IPS e.max CAD ceramics. Therefore, this study was conducted to compare the flexural strength, surface roughness and surface topography of IPS e.max CAD ceramics following different finishing and polishing methods and glazing procedures. The null hypothesis was there would be no differences in flexural strength and quality and quantity of surface roughness of IPS e.max CAD ceramics between the glazed and the polished surfaces.
Materials and methods
The partially crystalized blocks of IPS e.max CAD LT A2/C14 ceramic (Ivoclar Vivadent AG, Schaan, Liechtenstein) were milled to bars measuring 16 × 4 mm with a thickness of 1.6 mm [ISO 6872] (2013) using a CNC cutting machine (3 Axes Full Automatic; Nemo Fanavaran Pars, Mashhad, Iran) operating at 350 rpm under water cooling by one experienced dental ceramist. Then, the specimens were mounted in addition silicone putty (Panasil, Kettenbach, Germany) and wet polished with 600-, 800-, and 1200-grit silicon carbide papers (Pederstrupvej 842750; Struers A/S, Ballerup, Denmark) for 15 seconds with 10 N load, using a grinding/polishing machine (Phoenix Beta Grinder/ Polisher, Buehler, Braunschweig, Germany) at a speed of 300 rpm by one laboratory technician. The purpose of this standardized polishing procedure was to eliminate external irregular scratches and to equally round the chipped corners of the specimens. The device allows for polishing of three specimens simultaneously. The silicon carbide paper was changed when each group of three specimens was polished. Then, the specimens were rinsed with water and air-dried. The specimens were heat-treated according to the manufacturer's instructions for completion of crystal. Materials used in this study are depicted in Table 1 . Fifty-two fully crystalized specimens were randomly divided into four groups of 13 and coded. One group of specimens without any subsequent grinding or polishing procedures served as the control group (glazing group). The same surfaces in the remaining 39 specimens (three groups) were selected for grinding. To simulate the clinical setting, a 
D+Z Three step Ceramic Polishing System
1-Pre-polisher (blue), diamond particle, binder D+Z; Frankfurt, Germany 2-Fine polisher (red), diamond particle, binder 3-High-shine polisher (grey), diamond particle, binder red band diamond-finishing bur (46 μm) (D+Z GmbH) was used on the mentioned surfaces for 20 seconds at 2 bar pressure with a high-speed handpiece (Kavo, Biberach, Germany) under water cooling in a reciprocating motion. A new bur was used for each five specimens. After grinding, the specimens were ultrasonically cleaned (TUC-150; Telsonic AG, Bronschhofen, Switzerland) for one minute in 96% ethanol and air-dried. Before the reglazing and polishing procedures, the specimens were inspected under an incident light microscope (BX51M KK; Olympus Corp., Tokyo, Japan) at 20× magnification to exclude surfaces with irregularities. The below procedures were then carried out in sequence randomly for each group.
Grinding-glazing group: The ground specimens were reglazed according to the manufacturer's instructions.
Grinding-D+Z group: The ground specimens were polished using D+Z ceramic polishing system (D+Z GmbH) according to the manufacturer's instructions by coarse, medium, and fine rubber points, respectively. Specimens were polished using a low-speed handpiece at 8000 rpm and light pressure under water cooling. The specimens were polished for 15 seconds in one direction and for another 15 seconds at a 90°angle relative to the first direction for each rubber point. Finally, each specimen was finished and polished for 90 seconds. The specimens were washed with air/water spray for 10 seconds to remove the residues.
Grinding-OptraFine group: The ground specimens were polished using OptraFine ceramic polishing system (Ivoclar Vivadent AG) according to the manufacturer's instructions by OptraFine finisher and rubber polishing points followed by a final polishing step with an Optrafine HP brush and polishing paste. Specimens were polished using a low-speed handpiece operating at 8000 rpm and light pressure under water cooling for each rubber point and HP brush. The specimens were polished for 15 seconds in one direction and for another 15 seconds at a 90°angle relative to the first direction for each rubber point and HP brush. Finally, each specimen was finished and polished for 90 seconds. The specimens were washed with air/water spray for 10 seconds to remove the polishing residues. One operator (HG) performed all the grinding and polishing procedures.
For surface topography assessment, three specimens from each group were selected (a total of 12 specimens). Then, a 15-nm-thick gold coating was applied on the surface of specimens using a sputter coater (K450X; Emitech, Cambridge, UK). Next, micrographs were obtained from five random areas of each specimen under scanning electron mircoscopy The surface roughness of 52 specimens was assessed using a profilometer (T8000-C; Hommelwerke GmbH, VillingenSchwenningen, Germany). The average surface roughness (Ra in μm) and the arithmetic mean height of the surface profile (Rz in μm) were measured. Three measurements per specimen were made over a transverse length of 4 mm, with a stylus speed of 0.5 mm/sec. Using the three Ra and Rz values per specimen, the mean values were calculated. During the experimental period, the profilometer was monitored with a calibration device on each day prior to measuring.
A universal testing machine (Z020; Zwick/Roell, Ulm, Germany) was used for flexural strength testing. Initially, the actual dimensions of each ceramic specimen were measured with a digital caliper (Mitutoyo, Kawasaki, Japan) for later calculation of flexural strength (MPa). The specimens were then ultrasonically cleaned for 1 minute in deionized water and air-dried. The specimens were placed centrally in a self-aligning fixture. The edges of the specimen had approximately 1 mm distance from the fixture, leaving a 14 mm test span (center-to-center between bearers). The load was applied perpendicular to the long axis of the specimen (2 mm/minute). The flexural strength (MPa) of the specimens was calculated using the following equation:
Where W is the applied load (N), L is the test span (mm), b is the width of the specimen (mm), and d is the thickness of the specimen (mm).
Statistical analysis
Distribution of data was evaluated using Kolmogorov-Smirnov test and with respect to 95% confidence interval, data were analyzed using one-way ANOVA by SPSS v20.0 software (SPSS Inc., Chicago, IL) to compare the mean flexural strength and the mean surface roughness (Ra and Rz) among the four groups (Table 2 ). Tamhane's test (post-hoc comparison) was used due to non-normal distribution of data at α = 5% level of significance for pairwise comparison of mean flexural strength and mean surface roughness (Ra and Rz values). 
Results
The mean and standard deviation values of surface roughness (Ra and Rz values in μm) are presented in Table 3 . The lowest Ra and Rz values were found in grinding-OptraFine group (Ra = 0.47 ± 0.15 μm and Rz = 3.24 ± 1.23 μm). The difference in this regard among the groups was statistically significant (p < 0.001, Table 3 ). No significant differences were found in Ra and Rz values between D+Z and OptraFine systems (p = 0.252 for Ra; p = 0.231 for Rz); however, the Ra value of grinding-OptraFine group was significantly lower than that of the control group (p = 0.029). The mean and standard deviation values of flexural strength are presented in Table 4 . The highest flexural strength was noted Generally, SEM analysis confirmed the results of the roughness test. The results of SEM analysis of polished surfaces showed different morphological patterns compared to glazed and re-glazed surfaces (Figs 1-4) . Polished surfaces showed a regular morphology with some striations. In addition, OptraFine surfaces appeared to be the smoothest, with some remnants of the polishing paste. The grinding-D+Z group specimens showed more striations and fine flaws across their surfaces than did the grinding-OptraFine group.
Discussion
Roughness of finished and polished surfaces has a significant effect on stress concentration and fracture strength of ceramics, since almost every ceramic restoration is selectively adjusted chairside for correction of occlusal interferences or contour of the restoration. The finishing and polishing procedures are performed to obtain the desired anatomy and proper occlusion and reduce the roughness produced by the contouring and finishing instruments. 26, 27 Also, surface roughness must be minimized to achieve higher esthetics, improve mechanical properties, decrease wear of the opposing teeth, and reduce plaque accumulation on dental ceramic restorations. 25 This study sought to find suitable finishing and polishing systems for IPS e.max CAD ceramics and assess their effects on flexural strength and quality and quantity of surface roughness in comparison with the effect of glazing and reglazing after grinding. Within the limitations of this study, the null hypotheses of the study regarding surface topography and surface roughness were refuted. Also, D+Z polishing system significantly decreased the flexural strength of IPS e.max CAD ceramics.
Despite numerous reports on different polishing methods and systems, the relative roles and interdependence of handpiece speed, abrasive characteristics, and polishing load have yet to be clearly understood. Therefore, it is difficult to draw a conclusion when comparing studies on the effects of polishing procedures on ceramics. 25 In the current study, similar to the studies by Camacho et al, 29 Aravind et al, 11 and Haywood et al, 28 a handpiece operating at a certain moderate speed under water cooling was used, and surface treatment of all specimens was performed by the same operator to standardize the polishing parameters of the two polishing systems as much as possible.
Most previous studies only used Ra as the roughness parameter.
14,29 However, in this study, both Ra and Rz values were measured because between two restorations with equal Ra values, the restoration with lower Rz value has higher efficiency and causes less wear of the opposing teeth. 8 Similar to experiments conducted by Flury et al 8 and Steiner et al, 20 specimens were first roughened with a red band rotary diamond finishing instrument (46 μm grit) to simulate occlusal adjustment. Subcritical flaws or large defects may develop due to processing procedures or clinical adjustments. Such defects may propagate to a critical defect upon clinical loading and/or presence of moisture and can eventually cause catastrophic failure. 27, 30 For this reason, the researchers suggest reheat treatment or polishing after adjustment of ceramic restorations. 31 As stated above, there were no statistically significant differences in Ra and Rz values of glazing and grinding-glazing groups in our study. Although the glazing group yielded a slightly lower Ra value, Rz value and SEM analysis of the grinding-glazing group showed smoother and more homogenous surfaces. In fact, reglazing reinstated the original smoothness of the surface. Some studies have reported that the ultimate goal of finishing and polishing is to achieve a degree of smoothness close to that of a glazed surface. 11, 26, 32 Although profilometry and SEM analysis in previous studies showed no significant difference between glazed and polished surfaces, 33, 34 in this study roughness measurements indicated that the finishing and polishing procedures of IPS e.max CAD ceramics, especially with OptraFine system, created more uniform and smoother surfaces compared to glazing and reglazing. Such variability in the results may be due to differences in polishing parameters. It seems that sequential application of diamond-impregnated rubber points in OptraFine and D+Z polishing systems might have been responsible for these results. These findings are in accordance with the results of a recent study by Alhabdan and El-Hejazi, who discussed that with advances in polishing instruments, it is now possible to achieve acceptably smooth surfaces with rotary equipment. 12 Comparing the D+Z and OptraFine polishing systems, D+Z consists of three rubber points (coarse, medium and fine), whereas OptraFine has two rubber points followed by a final diamond polishing paste (HP brush/paste). This paste consists of fine diamond particles (2-4 μm). It is believed that application of diamond polishing paste decreases the surface roughness. This may explain the lower surface roughness (in terms of both quality and quantity) in the OptraFine group.
Steiner et al 20 and Alhabdan and El-Hejazi 12 also reported that addition of a polishing step with diamond paste, as in the OptraFine system, significantly improved surface smoothness of all-ceramic systems such as IPS e.max. Flury et al, 8 similar to Martinez-Gomis et al 35 stated that diamond polishing pastes may round the profile shape and lower the height of maximum roughness peaks, which would reduce the arithmetic mean height of the surface profile (Rz).
Evaluation of flexural strength revealed variable results in our study groups. Reglazing after grinding produced the same value of flexural strength as in the control group, which matched the surface roughness results. Ceramics are weak in tension, and surface quality of the tensile zone (absence of microcracks) is very important. 16, 17 Therefore, surface roughness can affect the flexural strength of ceramics. 9, 16, 17 Since the stress is concentrated at the tensile zone of ceramics, some researchers believe there is an inverse relationship between surface roughness and flexural strength of ceramics. 9, 31, 36 The propagation of a large system of densely distributed cracks can be due to continued exposure of ceramic to slight force or even far below the initial cracking load. This is one of the main reasons for long-term failure of ceramic restorations. 17, 27 It seems that although polishing with D+Z yielded similar Ra to that of the control group, it eventually decreased the strength due to stress accumulation. 18 Although some previous studies have reported lower surface roughness caused by polishing compared to glazing, they did not evaluate the effect of surface roughness on flexural strength.
12, 37 Flury et al showed that a decrease in surface roughness caused by careful finishing and polishing of CAD/CAM ceramics led to an increase in flexural strength. 9 However, it seems that flaws and defects can propagate at a microscopic level and adversely affect the flexural strength of ceramics. 38 The grinding-OptraFine group presented smoother and more uniform surfaces in terms of quality and quantity compared to glazing and grinding-glazing groups, but flexural strength of grinding-OptraFine group was not significantly different from that of glazing and grinding-glazing groups. Therefore, the OptraFine system seemed to be successful in efficient polishing of IPS e.max CAD ceramics. Moreover, the flexural strength of the grinding-D+Z group was measured to be significantly lower than that of grinding-OptraFine group. Several factors influence the measurement of flexural strength such as the testing method, specimen dimensions, testing environment, polishing procedures, stress rates, and stress area. 39, 40 Other than polishing procedures with D+Z and OptraFine systems, no other differences were found between the two groups with respect to the abovementioned factors. Finer diamond particles of the polishing paste of the OptraFine system may result in shallower scratches and fewer surface flaws, cracks, porosities, and irregularities. 12, 14, 29 Therefore, it seems that using a polishing paste with finer diamond particles in the final stage decreases the stress, and this indicates the superiority of OptraFine for polishing of IPS e.max CAD ceramics since this system yields higher flexural strength than D+Z.
The efficacy of finishing and polishing instruments depends on several factors such as the structure and mechanical properties of the substrate, size and shape of abrasive particles, and physical properties of binder. Therefore, further investigations are required to obtain definite results. Evaluating the effect of polishing systems on fracture toughness is an interesting topic for future studies.
Conclusions
Within the limitations of this study, the following conclusions were drawn:
1. Reglazing after grinding created similar surface roughness and flexural strength compared to glazing. 2. The D+Z ceramic polishing system created more uniform surfaces, but decreased the flexural strength compared to glazing. 3. OptraFine ceramic polishing system created smoother and more uniform surfaces in terms of quality and quantity compared to glazing and reglazing, and the flexural strength of this group was similar to that of the glazing and grinding-glazing groups. 4. The surface roughness caused by D+Z and OptraFine systems was not significantly different; however, the D+Z system decreased the flexural strength compared to OptraFine.
